transfer channels, for a large spin alignment (≈ 70%) perpendicular to the reaction plane, making it possible to firmly establish spin and parities of the excited states. In the case of 49 Ca, states arising from different types of particle-core couplings are, for the first time, unambiguously identified on basis of angular distribution, polarization and lifetime measurements. Shell model and particle-vibration coupling calculations are used to pin down the nature of the states. Evidence is found for the presence, in the same excitation energy region, of two types of coupled states, i.e. single particle coupled to either 48 Ca or 50 Ca simple configurations, and particle-vibration coupled states based on the 3 − phonon of 48 Ca.
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The understanding of particle-phonon and phonon-phonon couplings is at the basis of fermionic many-body interacting systems, both in solid state and nuclear physics. In particular, the coupling of a single particle to the vibrational motion is the key process at the origin of anharmonicities of the vibrational spectra and a building block of phonon-phonon interactions. In nuclear physics, these couplings give rise to many important phenomena, such as the damping of collective excitations (as giant resonances), effective masses and spectroscopic factors [1] [2] [3] . Moreover, excitations of phonons and single-particle degrees of freedom play a role in reaction mechanisms between heavy ions, being responsible for the exchange of mass and charge in the reaction process [4] .
Experimentally, several indications have been found of discrete states of particle-phonon nature (mostly in medium-heavy nuclei) [1, [5] [6] [7] [8] [9] [10] [11] , but only in few cases a clear evidence has been obtained. Therefore, it is still an open question whether states of particle-phonon nature can be considered a general nuclear prop- erty, also in rather light systems with reduced collectivity. In this context, the doubly magic nucleus 48 Ca is particularly interesting, since candidates for multiple phonon states have been found, based on the coupling of the 2 + and 3 − [12] . However, while the 2 + state has a very limited collectivity, the 3 − has a rather strong collective character [12, 13] . Therefore, it is interesting to verify if these properties manifest themselves also in adjacent nuclei, such as 49 Ca, where states have been attributed to the coupling of core excitations with a single particle, either starting from 48 Ca or 50 Ca [14] .
Structural information on 49 Ca has been rather scarce and mainly limited, for long time, to particle spectroscopy [15] [16] [17] . This is generally true for all neutron-rich systems (even at the edge of the stability valley), which cannot be reached by standard fusionevaporation reactions. A breakthrough in this field came in the last decade, when modern γ arrays made feasible in-beam γ spectroscopy with low-energy binary reactions in the grazing regime [18] . This has paved the way to even more selective studies with this type of reactions, which at present are largely profiting from the combined use of efficient γ arrays and large acceptance magnetic spectrometers [19, 20] . • with respect to the entrance direction of the spectrometer. In this way reaction products detected in the spectrometer focal plane have a forward trajectory with respect to the Ge array. The Doppler correction of the γ rays emitted by the projectile-like nuclei was performed on event-by-event basis using the velocity and angle provided by the trajectory reconstruction in PRISMA [28] .
This resulted in an energy resolution of ∼ 5 keV at 600 keV and ∼ 34 keV at 3.8 MeV (i.e. consistent with the uncertainty associated to the opening angle of the Ge crystals). Due to the limited efficiency of the CLARA array, extended analysis of the γ spectra could only be performed for reaction products with higher cross sections. No γ -γ correlations could be made, being however the level scheme well established by previous works with higher efficiency arrays [18] . In the present work the angular distributions of the strongest γ transitions have been studied, grouping the Ge detectors in the three rings. The validity of the analysis is demonstrated in Fig. 1 in the 50 Ca case.
The bottom panel shows the γ spectrum detected in coincidence with 50 Ca ions in PRISMA. All strong peaks are transitions with a tentative spin and parity assignments, the only firm case being the 2 + → 0 + decay of 1027 keV [18] . The angular distribution analysis of this very intense and clean transition is shown in panel (a). The intensities measured in the three rings have been normalized to the one at 100 • , after a careful evaluation of the efficiency of each ring. The data have been fitted using the angu-
the Legendre polynomial and a 2 the fitting parameter. Because of the high v/c of the projectile-like products, we have also taken into account the relativistic correction to the angular distribution [23] . The a 2 coefficient can be precisely calculated for a given γ decay with fully aligned nuclear spin [29, 30] , providing a maximum value, a 2 max , which can be compared with the experiment. It is found that a 2 max is given by the product A 2 B 2 , being A 2 the angular distribution coefficient (depending on the multipolarity of the transition) and B 2 the orientation parameter (depending on the orientation mechanism and the spin of the nuclear state). The anisotropy observed in W(θ ) for the 2 + → 0 + transition of 50 Ca is consistent with a stretched quadrupole transition with spin aligned perpendicularly to the reaction plane. We find a 2 = 0.51 ± 0.06, which correspond to a large fraction of spin alignment α 2 = a 2 /a 2 max = 0.71 ± 0.08. A measurement of the linear polarization P has also been performed, making use of the most sensitive Clover detectors at 100 • . P is defined as the ratio
metry in the number of photon scattered perpendicular (N ⊥ ) and parallel (N ) in the Clover crystals. Q is the polarimeter sensitivity (depending on the energy of the γ ray), which is experimentally determined from known transitions. Fig. 1(b) shows the polarization analysis of the 1027-keV transition, clearly indicating the electric character of the γ -decay. Similar results are obtained for a number of known stretched electric quadrupole transitions belonging to 46, 48, 50 Ca and 51 Sc nuclei. This is shown in Fig. 2 , where we give the measured fraction α 2 of full alignment, resulting in an average value of the order of 70%. Therefore, it is clear that a large spin alignment is a common feature of these grazing collisions, involving the exchange of few nucleons. The techniques described above have been used to establish spin and parity of the excited states of 49 Ca up to ∼ 4 MeV of excitation energy (see right part of Fig. 3 ). In this energy region, 48 Ca(d, p) 49 Ca transfer reactions provided spectroscopic informa- tion on a number of excited states using the Distorted-Wave-Born approximation approach [15] [16] [17] . In particular, the ground state of 49 Ca was found to be a single particle p 3 proton, leading to a questionable assignment ( J π = 9/2 + ). These states were never unambiguously identified even in more recent γ -spectroscopy studies [18] (e.g. by measuring the character and multipolarity of the transitions involved). Therefore, a tentative spin and parity assignment has been adopted, so far, mostly based on systematics and comparison with model predictions, leaving open, in particular, the interesting issue of the nature of particlecore coupled states. As schematically illustrated in Fig. 3 , a particle-core coupling scheme has been proposed to explain the nature of the "anomalous"
49 Ca states at excitation energies in the region of the first olution of this experiment is up to four times larger than in the stopped recoil (thick target) measurements of Ref. [18] , the centroid values agree within 3 keV. In particular, the γ transition of 3357 keV has been proposed by Broda et al. [18] as the groundstate decay from the 7/2 − level (tentatively assigned to (9/2 + ) by particle spectroscopy studies [16, 17] ), which should correspond to a pure 2p-1h configuration either arising from the coupling of the 2 + of 48 Ca with the p 3/2 neutron or from a f −1 7/2 -neutron hole coupled to the ground state of 50 Ca. The 660 keV line is instead suggested as the decay from the 9/2 + state, which is the lowest member of the particle-vibration coupling multiplet with the 3 − state of 48 Ca (see Fig. 3 ). A very weak 3585-keV transition is also observed, which should be the ground-state decay from the 5/2 − state of 2p-1h nature, while the direct 4017-keV 9/2 + → 3/2 − transition falls in the tail of the strong 3991-keV line, deexciting the single-particle 5/2 − level [14] . The angular distributions of the 3357-and 660-keV transitions are shown in In addition, polarization measurements performed with the 100 • detectors indicate an electric character for both transitions (see Fig. 4 ), therefore fixing the spin and parity of these states to 7/2 − and 9/2 + . It is worth noticing that the present 7/2 − assignment is also consistent with the neutron knockout reaction study at relativistic energies of Ref. [33] , which observes an l = 3 component in the momentum distribution of the 49 Ca fragment in coincidence with the 3357-keV γ line.
To investigate the microscopic nature of the 7/2 − and 9/2 + states and fully establish the core-coupling scheme, lifetime analysis has been performed, using the differential recoil distance Doppler shift method on the same data set which has been successfully used in the case of 50 Ca and 51 Sc [34, 35] . Fig. 5 shows,
for different target-to-degrader distances, Doppler-corrected γ -ray spectra of 49 Ca in the energy regions including the 9/2 + → 7/2 − 660-keV line (panels (c), (e), (g)) and the 7/2 − → 3/2 − 3357-keV transition (panels (d), (f) and (h)). The spectra show, for each transition, two peaks, depending on whether the γ ray was emitted before or after the degrader. The lifetimes of the state of interest (top panels (a) and (b)) are determined by the relative intensities
, as a function of the target-to-degrader distances, being I After the peak area after the degrader and I 660 the total intensity of the 660-keV line. The lifetime obtained for the 9/2 + and 7/2 − states are τ = 8.5 ± 2.0 ps and 3.5 ± 1.4 ps, respectively. In the latter case, the feeding contribution from the 660-keV transition to the 7/2 − state has been taken into account by a two steps decay model [36] . While the 7/2 − state has 100% branching to the 3/2 − ground state, in the 9/2 + case the direct branching to the ground state is 9.2% [18] , which gives a partial lifetime of 92 ± 23 ps for the E3 transition of 4017 keV. From these experimental lifetime we obtain B(E2) = 0.05 ± 0.02 Wu for the 3357-keV transition and B(E3) = 7.9 ± 2.0 Wu for the 4017-keV line, the latter being close to the B(E3) value of the 3 − state of 48 Ca.
The interpretation of the observed B(Eλ) values and of the nature of the states in 49 Ca has been based on the two different theoretical approaches presented in Fig. 3 . In fact, the 3 − state at 4.507 MeV in 48 Ca exhibits a sizable collectivity, with a measured B(E3) of 6.8 Wu [13] . By performing microscopic Skyrme-RPA calculations [37] , employing the parameter set SLy5 [38] , we are able to well reproduce the energy and the B(E3) of the 3 − state in 48 Ca.
Although a small number of p-h configurations is found to significantly contribute, the corresponding proton and neutron transition densities are consistent with a shape vibration, therefore supporting the collective character of the 3 − state. On the other hand, the 2 + state of 48 Ca has been described as a non collective 1p-1h configuration with a dominating [ f
This interpretation is consistent with the rather small B(E2) value (≈ 1.9 Wu) experimentally measured [12] . Therefore, we describe the 9/2 + state of 49 Ca by applying a particle-vibration weak coupling scheme [1] , while we make use of shell model calculations to interpret the nature of the 7/2 − state. The shell model calculations have been performed by the code ANTOINE [41, 42] in the full f p shell and with the KB3G effective interaction [31] . For the calculation of the transition probabilities standard values of the effective charges for the f p shell have been used (e π = 1.5e, e ν = 0.5e), as established by the lifetime measurement of Ref. [34] . The calculations reproduce rather well both the excitation energy and the E2 strength of the 7/2 − state, being tation is more in favor of a 2p-1h state produced by coupling a f [39, 43] .
In the case of the 3 − ⊗ p 3/2 multiplet, we have applied the weak coupling particle-vibration model of Bohr and Mottelson. The energies of the multiplet are shifted with respect to the unperturbed particle plus phonon energy by the amount associated with the diagrams (a)-(d) of Figs. 6-10 of Ref. [1] . We have calculated these shifts phenomenologically, by using the experimental energy and B(E3) value of the 3 − phonon. The values of the single-particle energies are not all known, but we have used the Hartree-Fock results obtained with the effective force SkX [44] , since this has been fitted using the known energies. In this way, the result for the energy of the 9/2 + level is in good agreement with the finding of our experiment (see Fig. 3 ). It has to be noted that the energy of the levels arising from the coupling of the 3 − with particle states lying in the continuum cannot be unambiguously determined (as indicated by the use of dashed lines in the figure) . Moreover, at the lowest perturbative order, the B(E3) value associated with the decay of the member of the multiplet should be equal to the one associated with the phonon de-excitation. This is also experimentally confirmed, so that we can conclude there is strong evidence that the 9/2 + state at 4017 keV in 49 Ca has a particle-phonon nature.
In summary, the binary reaction 48 Ca + 64 Ni, at energies twice the Coulomb barrier, has been used to investigate the structure of neutron rich nuclei in the region around the doubly magic nucleus 48 Ca, with the PRISMA-CLARA setup at LNL. Evidence is found for a large spin alignment perpendicular to the reaction plane, which makes possible to use angular distributions and polarizations of the γ transitions to firmly establish spin and parity of the excited states. This represents a step forward in γ -spectroscopy studies with heavy ions grazing reactions at low energies, since it opens up the possibility to investigate in great details the properties of moderately neutron rich systems moving away from stability. In the specific case of 49 Ca, the spectroscopic information probes the nature of the first excited states, giving evidence for two different types of particle-core couplings, either based on particle-phonon interactions or characterized by 2p-1h simple configurations. In the latter case the measured B(Eλ) values give also the possibility to disentangle between equivalent configurations based on different core states ( 48 Ca or 50 Ca). In particular, it has to be noted that the 9/2 + state at 4017 keV in 49 Ca represents one of the few fully established examples of particle-vibration coupling in nuclei with mass A < 100, showing the robustness of nuclear collectivity in rather light systems. The present work makes clearly visible the multifaceted nature of particle-core coupling interactions in the atomic nucleus, giving also a warning to simple generalizations of coupling schemes.
